The multilayer film consisting of MoO 3 /Ag/MoO 3 (shortened as MAM) is very promising as an alternative of indium-tin oxide (ITO) to work as the transparent anode in organic solar cells (OSCs). In MAM-based thin OSCs, the absorption of light is quite poor. Here, we propose to apply a short-pitched metallic grating into the MAM-based OSC for improving the absorption in its thin active layer. Numerical calculations reveal that the obtained enhancement of integrated absorption in the active layer is more than 500% with respect to the equivalent planar control. The field distributions at the two peaks of the normalized absorption spectrum indicate that propagating surface plasmon polaritons (SPPs), as well as the horizontal metal-insulator-metal (MIM) waveguide mode, play the main role of trapping light into the active material. It is expected that the proposal could contribute to the development of the efficient ITO free thin OSCs.
Introduction
Organic solar cells (OSCs) [1] - [3] have attracted intensive attention in recent years due to their distinct advantages of rich material resources, easy fabrication, good flexibility, etc. Particularly, its good flexibility enables OSCs to be applied in new emerging areas such as portable electronics, synthetic skin, and so on. However, OSCs are generally prepared with the transparent anode made of indium-tin oxide (ITO), which has mechanical property requiring proper handling [4] and poor adhesion to organic materials [5] . To improve the mechanical properties of ITO electrode, it is suggested to form electrodes in the form of ITO/Ag/ITO [6] . Moreover, ITO is fabricated through the vacuum sputtering process, not only incompatible with the fabrication techniques of organic materials but also with high cost. Therefore, researchers have made great efforts to find ITO substitutes. Conducting polymers, grapheme, and metal nanowires have been considered as candidates for transparent electrodes [7] , [8] . Besides, the MoO 3 /Ag/MoO 3 (shortened as MAM) [9] - [12] , have been frequently investigated in experiments because of their low sheet resistance, high light transparency, long-term stability, and excellent flexibility.
As well known, the contradiction between the long light absorption path and the short exciton diffusion length leads to the relatively low power conversion efficiency (PCE) of OSCs. In traditional OSCs with ITO as the transparent anode, it is very popular to utilize metallic gratings to improve the light trapping ability of thin active layers [13] - [21] . The reasons for light absorption enhancement in the active layers are ascribed to the excitation of surface plasmon polaritons (SPPs) modes and/or photonic modes (in the form of the hybridization of cavity and Bloch modes). OSCs with the MAM anode also encounter the problem of inefficient light absorption in the active layer due to their stratified geometries. In our previous theoretical work [22] , we found that with the corrugation of both the active layer and the MAM anode, the absorption of light under transverse magnetic (TM) polarized normal incidence could be increased by ∼179%. Considering the difficulty of making the corrugated MAM anode because it has an ultrathin Ag layer (of ∼10 nm) sandwiched inbetween two oxide films, one may choose to introduce grating into the opaque cathode, as Xu et al. experimentally demonstrated in [23] .
Here, we theoretically investigate the mechanism of absorption enhancement by corrugating the opaque silver cathode into a short-pitched metallic grating in a MAM based OSC with thin active layer. In practice, such kind of plasmonic structure can be fabricated by nano-imprinting the active layer followed by the deposition of a thick Ag film. Our calculated results tell that the proposal enables the absorption of light in the active layer enhanced by more than 500% with respect to the equivalent planar control cell. The obtained enhancement factor is much higher than that in the ITO based OSCs because the planar MAM based OSC with thin active layer is less efficient than the corresponding ITO based OSC. Ascribed to the excitation of the metal-insulator-metal (MIM) waveguide modes between the corrugated Ag cathode and the MAM anode, the reason of absorption enhancement also deviate from that in ITO based OSCs. It is expected that our proposal could contribute to the development of efficient ITO free OSCs.
Structure and Methods
Our study was done in OSCs with the active layer made of poly [ [4,8- MoO 3 capping layer (adjacent to the glass substrate), which is the same as the proposal in [12] . Here, the 1 nm thick MoO 3 is neglected in simulation because it is too thin to induce any change in optical modes. The thickness of the PTB7:PC 70 BM active layer (T) in contact with the corrugated Ag cathode is fixed to 40 nm in the plasmonic OSC. It is found that MAM based thin OSCs are less efficient than the corresponding ITO based cell (not shown); therefore, the improvement of absorption in MAM based thin OSCs is of crucial importance. In real structure, a 1 nm thick LiF layer inserted between the active layer and the cathode can be used to improve the extraction of electrons [24] , which is neglected in our optical model. A thick electron transport layer should be avoided as it would degrade the absorption significantly [13] . The geometry of the metallic grating as displayed in Fig. 1 is with the width of W, height of H, and periodicity of P.
All the 2D OSCs are numerically investigated based on the finite element method (FEM) method, which has been verified previously [21] . Boundary conditions of perfectly matched layer are set along y-axis and periodic boundary conditions are applied along x-axis. Only one unit cell as denoted by the region between the two dashed lines in Fig. 1 is simulated. Light is normally incident from the glass side into the OSC and the reflection loss at the air/glass interface is not considered. We only investigated the device performances at TM polarization (with the magnetic field polarized along z axis). The proposed structure does not enable absorption enhancement when the electric field of incident light is polarized along z axis. In order to obtain polarization-insensitive absorption enhancement, the plasmonic grating should be extended into two-dimensional array [20] . The investigated wavelength range is from 350 nm to 800 nm, covering the main absorption band of PTB7:PC 70 BM. In simulation, the complex refractive indices at varied wavelengths for the active material and the oxide layer were obtained based on the variable angle spectroscopic ellipsometry, and the optical constants of Ag are taken from the literature [25] . The absorption efficiency of light in the active layer at a certain wavelength is denoted by η and the corresponding integrated absorption efficiency considering the weight of AM 1.5G solar spectrum over the investigated wavelength range is denoted by η int .
Results and Discussions
The thick line in Fig. 2(a) shows the absorption spectra (η versus λ) in the active layer for the plasmonic OSC when P = 20 nm, W = 10 nm, and H = 38 nm. Here, the short-pitched metallic grating is adopted because its ability of trapping light is more excellent than those with long pitch as shown later in Fig. 5 . For comparison, the absorption spectra for the equivalent control OSC in which the active layer has the same volume as that of the plasmonic OSC (with T eq = 21 nm) is also shown by the thin line in Fig. 2(a) . It is observed that the absorption efficiency of the plasmonic OSC is much superior to that of the planar control over most of the investigated wavelength except a tiny reduction at ∼350 nm. By calculation, we get that η int of the plasmonic OSC is 57.4%, an improvement of about 530% as compared to that of the control cell (9.1%).
In order to understand the physical origins of the observed enhancement of light absorption in the plasmonic cells, we calculated the normalized absorption spectrum of the active layer for the plasmonic OSC (η norm ), which is obtained by dividing η over the single-pass absorption efficiency in PTB7:PC 70 BM with the pass length equal to T eq . This treatment can eliminate the influences of the intrinsic material absorption and help on figuring out the mechanisms of structure-induced light absorption enhancement. In Fig. 2(b) , the thick line shows the normalized absorption spectrum (η norm versus λ) for the proposed structure, from which one sees two primary absorption peaks locating at 480 nm (labelled as λ s , with η norm = 5.2) and 730 nm (labelled as λ l , with η norm = 13.7), respectively. We further calculated the wavelength dependent absorption efficiencies in Ag (including both the cathode and anode) and showed the curve of η_Ag versus λ by the thin line in Fig. 2(b) . It can be seen clearly from Fig. 2(b) at the peaks of λ s and λ l , the absorption in Ag also reaches its local maximum, reflecting that the absorption enhancement must be associated with SPP resonances. When the wavelength is shorter than 450 nm, the absorption loss in Ag is very serious, which could be the reason of the degradation of absorption in the active layer at ∼350 nm. Fig. 3 plot the field distributions of |H z | and |E x | (normalized by the incident field intensities) at the two absorption peaks. In Fig. 3(a) and (b), one sees that there is very strong confinement of |H z | field at the plane of z = 0, indicating that propagating SPP modes (which belongs to magnetic resonance) are excited at the interface between the metallic grating and the bottom metal plate by regarding the short-pitched metallic grating as a homogeneous effective medium with anisotropic permittivities [as shown in Fig. 4(a) ] [21] . The excitation of the propagating SPP modes leads to the gaps between neighbouring grooves exhibiting like hot spots with |E x | significantly enhanced according to continuous boundary condition as observed in Fig. 3(c) and (d) . However, the total absorption (including the dissipated power in all loss materials) of the real plasmonic OSC device deviates from that of the OSC with the effective medium [as shown in Fig. 4(b) ]. This is because localized modes are formed close to the MAM anode. On one hand, the horizontal MIM waveguide modes (which also belongs to magnetic resonance) are excited above the metallic grating, which can be clearly witnessed at λ l [as shown in Fig. 3(b) ] and faintly visible at λ s [as shown in Fig. 3(a) ]. Here, each MIM waveguide consists of the top part of a metallic ridge, the thin metal film in the MAM anode, and the sandwiched active material. The limited width of the metallic ridges yields the horizontal MIM waveguides have finite length, resulting in the SPP mode in the MIM waveguide get reflected at the top vertexes of the metallic ridges, and then, the Fabry-Pérot (FP) resonance of first order (with one anti-node, corresponding to the maximum of |H z | field) is produced, as observed at λ l . On the other hand, there is also strong concentration of electric field produced above the thin Ag film (i.e., a part of the MAM anode) as well as below the top surface of the metallic ridge as shown Fig. 3(c) and (d) . The excited electric resonances between the thin Ag film and the metallic ridges at the two wavelengths are different. At λ l , the |E x | field is symmetrically distributed above the thin Ag film and below the top surface of the metallic ridge with one antinode along x axis. Whereas, at λ s , the |E x | field above the thin Ag film has two antinodes, one of which centred at x = ±P/2 is strong and the other centred at x = 0 (i.e., the position above the metallic ridge) is much weaker. It is observed that the excitation of the observed electric resonances causes the accumulation of light in the regions inside the metallic ridges and the MAM anode, against light trapping in the active layer. Therefore, we derive that it is mainly the excitation of the magnetic-type SPP resonances including both the propagating SPPs and the horizontal MIM waveguide modes beneficial to the efficient light harvesting in the active layer in the proposed plasmonic OSC.
In the following, we study the influences of the geometrical parameters of the metallic grating on the absorption performance of the plasmonic devices on condition that the period of the grating is fixed to 20 nm. Fig. 5(a) shows the map of the integrated absorption efficiency (η int ) in the active layer at varied grating widths (W ) and heights (H ). One can observe that both W and H seriously affect the integrated absorption of the active layer. The hot spot region with enhanced electric field shrinks with the decrease of H. The shallower the grating, the smaller region with enhanced electric field, correspondingly the less enhancement of light absorption in the active layer due to the plasmonic grating. It is clearly seen from Fig. 5 (a) that a higher grating yields a higher integrated absorption. In order to avoid any electric short of OSC circuit, the height of the metallic grating is optimized to 38 nm, 2 nm smaller than the thickness of the active layer. As shown in Fig. 5(a) , a moderate width of the metallic grating (W) is necessary for improving the absorption of light in the active layer. If the width of the grating is too large, the active material between neighbouring metallic ridges is reduced, but if W is too small, the hot spot effect, as well as the MIM waveguide modes, would be weakened. According to our calculation, the optimal width of the metallic grating is 10 nm.
Finally, the influence of the periodicity of the metallic grating (P) on the integrated absorption (η int ) of the active layer in the plasmonic devices is discussed, as shown in Fig. 5(b) . Here, the filling ratio of metal in the grating (W/P) is maintained as 0.5 and the optimal height of the metallic grating (38 nm) is adopted. It is seen from Fig. 5(b) that the integrated absorption reduces gradually with the increase of the grating periodicity, and when the periodicity is larger than 60 nm, the reduction in η int slows down with a gentler slope. This is mainly because the optical modes induced by the metallic grating alter due to the change in periodicity. If the periodicity of the metallic grating is over large so that the effective medium approximation is broken, the propagating SPP modes supported at the plane of z = 0 disappear. Instead, the vertical MIM waveguide modes are formed in-between neighbouring metallic ridges. The inset of Fig. 5(b) shows the distribution of |H z | at λ = 686 nm (that is an absorption peak obtained by calculating its spectrum of η norm ) when P = 80 nm. Here, it is seen that, different from the almost planar |H z | distribution at the plane of z = 0 as shown in Fig. 3(b) , the field of |H z | get concentrated inside the metallic groove (in other words, forming the vertical MIM waveguide mode) and the penetration of light into the metallic ridge is quite weak. Moreover, the MIM waveguide mode is wavelength dependent and the induced electric field (not shown) inside the groove is much weaker than the afore-presented hot spots [as displayed in Fig. 3(c) and (d) ]. Therefore, the metallic grating with large periodicities fails to yield efficient light trapping effect in the proposed design.
Conclusion
In summary, the absorption enhanced MAM based OSCs has been demonstrated with a shortpitched metallic grating integrated into the cathode. Our study indicates that the absorption enhancement in the 40 nm thick active layer of the proposed plasmonic OSC reaches more than five-fold that of the equivalent planar OSC. The detailed study of the field distributions at the two main absorption peaks indicates that both magnetic and electric SPP resonances are excited but the magnetic resonances in the form of propagating SPP and the horizontal MIM waveguide modes are the main reason for the efficient light trapping in the active layer. It is found that the absorption performance degrades apparently when the geometrical parameters deviate from the optimal values. A short-pitched metallic grating with a great height and moderate width should be applied for exciting the optical modes for trapping light. Our work contributes to the development of high efficiency ITO free OSCs.
